Gelsolin and calponin are well-characterized cytoskeletal proteins that are abundant and widely expressed in vertebrate tissues. It is also becoming apparent, however, that they are involved in cell signalling. In the present study, we show that gelsolin and calponin interact directly to form a high-affinity (K d = 16 nM) 1:1 complex, by the use of fluorescent probes attached to both proteins, by affinity chromatography and by immunoprecipitation. These methods show that gelsolin can form high-affinity complexes with two calponin isoforms (basic h1 and acidic h3). They also show that gelsolin binds calponin through regions that have been identified previously as being calponin's actin-binding sites. Moreover, gelsolin does not interact with calponin while calponin is bound to F-actin. Reciprocal experiments to find calponin-binding sites on gelsolin show that these are in both the N-and C-terminal halves of gelsolin. Calponin has minimal effects on actin severing by gelsolin. In contrast, calponin markedly affects the nucleation activity of gelsolin. The maximum inhibition of nucleation by gelsolin was 50 %, which was achieved with a ratio of two calponins for every gelsolin. Thus the interaction of calponin with gelsolin may play a regulatory role in the formation of actin filaments through modulation of gelsolin's actin-binding function and through the prevention of calponin's actin-binding activities.
INTRODUCTION
The actin cytoskeleton is a major determinant of cell structure, shape and motility. The properties of actin filaments and the structures that they form are modulated by a host of actin-binding proteins [1] . In addition to the physical role that the microfilaments perform, it is becoming increasingly apparent that these proteins also have important parts to play in cell signalling. The present study focuses on two well-characterized actin-binding proteins, gelsolin and calponin, which have distinct effects on microfilaments.
Gelsolin's actin-binding activity is regulated by Ca 2+ ions [2] , pH [3, 4] phosphorylation [5, 6] and phospholipids [7, 8] . It is widely expressed in vertebrate cells [9] and is secreted from muscle [10] into the bloodstream. Its function in serum is to sever any actin filaments that may enter the circulation from damaged tissues [11] . In cells, gelsolin severs existing actin filaments, but may also nucleate the polymerization of new filaments from the pointed end, while it caps the barbed end of actin filaments. Increased expression of gelsolin correlates with an increase in cellular locomotion [12] . Gelsolin not only modifies the actin cytoskeleton by severing and capping microfilaments, but it plays additional roles in signal transduction and apoptosis [13] . It is remarkable therefore that a mouse that lacks the single gelsolin gene is viable [14] , albeit with a host of identifiable failures such as in wound healing and clotting [14] , in podosome assembly [15] , and in blood vessel integrity [16] . Gelsolin is known to bind to a number of proteins [5, 17] , and it is possible that these too regulate gelsolin's interaction with actin.
The calponins are a family of actin-binding proteins that are expressed widely in vertebrate cells [18] . Three major vertebrate calponin isoforms are known: the basic isoform, h1, the neutral isoform, h2, and the acidic isoform, h3. Calponins h1 and h2 are expressed in smooth-muscle cells whereas h3 is expressed in smooth muscle and in non-muscle cells, especially in neurons [19] . It is suggested that calponin may function as an adaptor protein connecting the PKC (protein kinase C) cascade to the ERK (extracellular-signal-regulated kinase) cascade [20] as calponin binds ERK through the CH (calponin homology) domain. Calponin translocates from the cytoskeleton to the plasma-membrane [21, 22] , together with PKCα [23] , when the cell is stimulated with agonists. Calponin is known to bind phospholipids in vitro, particularly those that carry a negative charge such as phosphatidylserine and phosphatidylinositol [24] , and is associated with the plasma membrane in a variety of cell types [19, 25] .
Like gelsolin, calponin is also known to bind a number of protein partners, and at least two of these, actin and tropomyosin, bind gelsolin [17] and calponin [26] . In the present paper, we report that gelsolin and calponin interact with each other to form a tight GCC (gelsolin-calponin complex). This interaction affects the actin-binding activities and may alter the signalling and other properties of both partners.
MATERIAL AND METHODS

Proteins and peptides
Human gelsolin and subdomains of gelsolin were produced in Escherichia coli BL21(de3) cells using the pMW172 vector, after Abbreviations used: acrylodan, 6-acryloyl-2-dimethylaminonaphthalene; CH, calponin homology; ERK, extracellular-signal-regulated kinase; F-actin, filamentous actin; G1-G6, the six repeated domains of gelsolin; G-actin, globular actin; GCC, gelsolin-calponin complex; PKC, protein kinase C; TRITC, tetramethylrhodamine β-isothiocyanate. 1 To whom correspondence should be addressed (email roustanc@univ-montp2.fr).
induction of expression with IPTG (isopropyl β-D-thiogalactoside) [27] . Gelsolin was labelled with Oregon Green 488 isothiocyanate (Molecular Probes), and excess reagent was removed by gel filtration using a PD10 column (Amersham Biosciences) equilibrated with 0.1 M NaHCO 3 buffer at pH 8.6. The stoichiometry of labelling was determined to be 1.0 using a molar absorption coefficient of 70 000 M −1 · cm −1 at 496 nm. Basic calponin h1 was isolated from fresh chicken gizzards, as described previously [28] . Calponin was specifically labelled at Cys 273 with acrylodan (6-acryloyl-2-dimethylaminonaphthalene). The labelling ratio was estimated spectroscopically using a molar absorption coefficient for acrylodan of 16 400 M −1 · cm
at 387 nm. The labelling stoichiometry was determined to be 0.50 for acrylodan/calponin. Calponin was also coupled to Sepharose 4B using the CNBr procedure according to the manufacturer's instructions (Amersham Biosciences). Recombinant rat acidic calponin h3 (expressed as described in [29] ) was a gift from Mario Gimona (Austrian Academy of Sciences, Salzburg, Austria). Actin was made from acetone powder [30] and labelled at Cys 374 by N-(1-pyrenyl)iodoacetamide [31] . Synthetic peptides were prepared as described previously and have been widely used [32, 33] . Peptide synthesis was performed on a solid-phase support using a 9050 Milligen PepSynthesizer (Millipore) according to the Fmoc (fluoren-9-ylmethoxycarbonyl)/t-butyl ester system. The purified peptides were shown to be homogenous by analytical HPLC.
Cell culture, immunostaining, immunoprecipitation and Western blots
COS-7 cells were cultured in Dulbecco's modified Eagle's medium containing 10 % (v/v) FCS (foetal calf serum) and antibiotics as described previously [34] . For immunofluorescence studies, cells were plated on a glass coverslip 24 h before fixation in 3 % (w/v) formaldehyde solution, after which they were permeabilized with PBS/0.1 % (v/v) Triton X-100 for 5 min and incubated in PBS/10 % FCS for 20 min. Coverslips were incubated sequentially with TRITC (tetramethylrhodamine β-isothiocyanate)-conjugated anti-gelsolin and anti-mouse (Sigma), anti-(calponin h3), and FITC-conjugated anti-rabbit (Sigma) antibodies and finally with Hoescht in PBS/0.1 % (v/v) Tween 20 for 30 min, as described previously [19] . Coverslips were rinsed in PBS/0.1 % (v/v) Tween 20 between each antibody incubation, and three additional washes were performed before coverslips were mounted in Mowiol. Fixed cells were observed with a DMR A oil immersion microscope PL APO 63× (Leica Microsystems). Images were captured with a Micromax camera (Roper Scientific) driven by MetaMorph (version 4.7; Universal Imaging Corp.). A monoclonal anti-gelsolin antibody was purchased from SigmaAldrich. The affinity-purified polyclonal anti-(calponin h3) antibody directed to the sequence 311-326 derived from the specific C-terminal tail of the acidic isoform was raised as previously described [19] . For immunoprecipitation studies, COS-7 cells grown to confluence were washed three times in PBS and then lysed in RIPA buffer (20 mM Tris/HCl, pH 7.5, 150 mM NaCl, 1 % Triton X-100, 1 % sodium deoxycholate, 0.1 % SDS and 1 mM EGTA) essentially as described previously [34] , except that we included 1 mM EGTA to the lysis buffer to favour the dissociation of the proteins from actin. After 20 min of pre-clearing with Protein A or G beads (Amersham Biosciences), extracts were immunoprecipitated with anti-gelsolin or anti-calponin antibodies. Complexes formed were recovered on Protein G beads (gelsolin) or Protein A beads (calponin). Control immunoprecipitations were performed using both beads in the absence of antibody. 
Fluorescence studies
Fluorescence experiments were performed at 21
• C using a LS 50 PerkinElmer luminescence spectrometer. Spectra for Oregon Green-labelled gelsolin were obtained with the excitation wavelength set at 470 nm and fluorescence changes deduced from the corresponding area of the emission spectra between 515 and 530 nm. For acrylodan-labelled calponin, the excitation wavelength was fixed at 388 nm. All fluorescence measurements were performed at least in triplicate.
The parameters K d and A max (maximum effect) were calculated by non-linear fitting of the experimental data points by using the following equation:
where F is the change in The number of binding sites (n) and the affinity constant K a were also determined by another approach [35] . The following relationship was then used:
where C and E are total concentrations of calponin and Oregon Green-labelled gelsolin respectively and X is the relative fluorescence change A/A max (corresponding to the fraction of calponin bound to gelsolin).
ELISA
The interaction between coated calponin synthetic peptides and biotinylated gelsolin was monitored using ELISA as described previously [36] . Briefly, peptides (5 µg/ml) in 50 mM NaHCO 3 /Na 2 CO 3 , pH 9.5, were immobilized on plastic microtitre wells which were then saturated with 0.5 % gelatin, 3 % gelatin hydrolysate in 140 mM NaCl and 10 mM phosphate, at pH 7.5. Binding of biotinylated gelsolin to peptides was monitored at 405 nm using alkaline-phosphatase-labelled streptavidin (dilution 1:1000). Control assays were carried out in wells saturated with gelatin and gelatin hydrolysate alone. Each assay was conducted in triplicate, and the mean value was plotted after subtracting the non-specific absorption. Additional details on the different experimental conditions are given in the Figure legends.
Actin polymerization
Actin polymerization and depolymerization were monitored by fluorescence measurements. Fluorescence increase of pyrenylactin [31] was used as an indicator of the state of actin polymerization. Excitation and emission wavelengths for pyrenyl-actin were set at 360 and 386 nm respectively. Actin polymerization was induced by the addition of salts (2 mM MgCl 2 and 0.1 M KCl; final concentration). Nucleation enhanced by gelsolin was determined by measuring the rate of actin polymerization. G-actin (globular actin) (4.9 µM) was added to 2 mM MgCl 2 and 0.1 M KCl, 20 µM ATP, 0.5 mM CaCl 2 and 20 mM Tris/HCl buffer at pH 7.5 in the presence or the absence of gelsolin and/or calponin as indicated in the Figure legends. The severing activity of gelsolin is directly related to the depolymerization rate [37] observed when 34 µM fluorescent F-actin (filamentous actin) (pre-capped by a 1:2000 molar ratio of gelsolin) is diluted to 1.4 µM.
Analytical methods
Protein concentrations were determined by UV absorbency using a Varian MS100 spectrophotometer. Concentrations were determined spectrophotometrically using A 280 (1 cm −1 ) values of 8.93 µM for whole gelsolin, 38.7 µM for calponin h1 and 31.2 µM for calponin h3. These molar absorption coefficients were calculated from tryptophan, tyrosine and cysteine content [38] . SDS/PAGE was carried out on 12.5 % (w/v) polyacrylamide slab gels.
RESULTS
A direct interaction between calponin and gelsolin
Gelsolin and calponin form a tight 1:1 complex. This was shown by monitoring fluorescence changes when each partner in turn was labelled covalently with a fluorophore. Gelsolin is also bound by an affinity column of immobilized calponin.
The ability of calponin to interact directly with gelsolin was monitored using two different approaches. In the first set of experiments, the fluorescence of gelsolin labelled with either Oregon Green or acrylodan was used to monitor the interaction with calponin. Binding of calponin h1 to Oregon-Green-labelled gelsolin (in 0.1 M Tris/HCl buffer, pH 7.5, containing 1 mM EGTA) induced a fluorescence decrease (47 + − 5 %) concomitant with a weak blue shift in the emission spectrum of approx. 3 nm ( Figure 1A and Table 1 ). The shape of the curve shows that the binding takes place in a saturable manner with an apparent K d of 16 + − 4 nM. The binding occurs in the presence of EGTA, as well in the presence of Ca 2+ ( Figure 1A ). The interaction induces a similar fluorescence decrease (45 + − 5 %) with EGTA, although a slightly weaker affinity (apparent K d of 30 + − 5 mM) is observed (Table 1) . This result suggests that the calponin binding depends, at least in part, upon the conformational state of gelsolin. Since a lowered pH activates gelsolin in a manner that is similar to that of Ca 2+ [3, 4] , we also studied the interaction at pH 6.0. However, although significant binding was observed ( Figure 1B) , an apparent K d of 160 + − 25 nM was determined (instead of 16 nM in 1 mM EGTA at pH 7.5). A stoichiometry of 1 mol of calponin per mol of gelsolin was estimated for all of the binding experiments shown in Figure 1(C) .
To confirm the results obtained using labelled gelsolin, similar experiments were then performed in 0.1 M Tris/HCl buffer, pH 7.5, containing 1 mM EGTA, but using acrylodan-labelled calponin h1. The interaction of gelsolin with labelled calponin induced a decrease in the emission spectrum of acrylodan (Figure 2A ). An apparent K d of 14 + − 4 nM was determined ( Figure 2B ) and a stoichiometry of 1:1 was also observed ( Figure 2C) .
We also detected the GCC by affinity chromatography. Gelsolin was passed over a Sepharose column on to which calponin had been coupled. Figure 3 shows that all of the gelsolin is retained on the column and quantitatively eluted at alkaline pH. This result is Similar experiments were conducted to test whether the acidic isoform of calponin (calponin h3) also bound to gelsolin. We Table 1 Interaction of Oregon-Green-labelled gelsolin with calponin was monitored by fluorescence as described in the legend of Figure 1 Changes in the intensity of the fluorescence emission spectra of Oregon Green were recorded at various calponin concentrations in 0.1 M Tris/HCl buffer, pH 7.5, supplemented with 1 mM EGTA or 1 mM Ca 2+ . Percentage fluorescence decreases were extrapolated to infinite calponin concentration.
Calponin h1
Calponin h3 observed an equal decrease in the fluorescence of Oregon-Greenlabelled gelsolin upon calponin h3 interaction, so that the Ca 2+ dependence was much less marked than was the case for calponin h1, but that the apparent K d was only slightly higher than for calponin h1 (Table 1 ).
Figure 3 Binding of gelsolin to calponin h1 coupled to Sepharose 4B
Gelsolin (870 µg) was passed through a column (1.4 cm × 3 cm) of Sepharose-4B-linked calponin. The column was washed with 10 mM phosphate buffer, pH 7.4, supplemented with 0.15 M NaCl. The bound material was eluted with 10 mM phosphate buffer, pH 12, supplemented with 10 % dioxan. The eluted fraction was quantified from a UV absorption spectrum (in a typical experiment, 780 µg of gelsolin was eluted), pulled-down and analysed by SDS/12.5 % PAGE (inset). Lane 1, gelsolin control; lane 2, eluted material.
Gelsolin and calponin interact in vivo
Gelsolin and calponin co-localize in COS-7 cells, as shown by immunofluorescence. Moreover, reciprocal immunoprecipitation of either protein from cell lysates pulls down the other. Gelsolin was found in dynamic actin structures such as lamellipodia present around the cells and along some stress fibres ( Figure 4A , panel b), in agreement with previous work [39] . Calponin showed more discrete membrane lamellipodia labelling and more intense stress fibre staining ( Figure 4A , panel a), again in agreement with previous work [40] . Superposition of the two images showed marked co-localization of the two proteins especially at the cells' peripheral lamella ( Figure 4A , panel c), suggesting that these proteins may interact within these structures. We have shown that gelsolin and calponin bind each other by a number of means. Co-immunoprecipitation studies confirmed the hypothesis that gelsolin binds calponin in vivo ( Figure 4B ), as the proteins were found to mutually precipitate each other brought about by addition of specific antisera. Calponin was readily recovered when precipitated with anti-gelsolin antibodies ( Figure 4B, lane 3) , whereas anti-calponin antibodies were less effective in co-precipitating gelsolin ( Figure 4B, lane 1) . The reason for this inefficiency may be either the restricted repertoire of these anti-peptide antibodies or the structural constraints that impaired recognition of the complex. Control antiserum for an inappropriate target did not precipitate gelsolin nor did gelsolin precipitate when primary antibody was omitted (results not shown).
The calponin-gelsolin interface
Calponin binds with high affinity to both the N-and C-terminal halves of gelsolin. The interaction region appears to be mediated through calponin's actin-binding region. The interface between gelsolin and calponin h1 was investigated by three approaches. First, the calponin h1 interaction with the N-terminal [G1-G3 (repeated domains of gelsolin 1-3)] and C-terminal halves (G4-G6) was investigated. We tested whether the individual G1-G3 and G4-G6 domains corresponding to the N-and C-terminal 
Figure 5 Binding of Oregon-Green-labelled gelsolin domains to calponin h1
Interaction of Oregon-Green-labelled G1-G3 (140 nM) (᭺) and G4-G6 (89 nM) (᭹) with calponin (CaP) h1 was monitored by fluorescence. Changes in the intensity of the fluorescence emission spectra ( F) of Oregon Green were recorded at various calponin concentrations (0-280 nM) in 0.1 M Tris/HCl buffer, pH 7.5, supplemented with 1 mM EGTA. Inset, quantitative analysis of the data for the interaction between gelsolin domains and calponin h1 was performed by plotting 1/(1 − X ) against C/X · E where C is the concentration of calponin (in nM) and E is the concentration of gelsolin domains at the fixed concentration indicated above. Experiments were performed with G1-G3 (᭺) and G4-G6 (᭹). a.u., arbitrary units.
halves of gelsolin induce fluorescence changes in Oregon Green as did the whole gelsolin. As shown in Figure 5 and Table 2 , a large decrease in fluorescence was observed in the presence of either half. Analysis of the data shows that these two gelsolin subdomains contain interaction sites for calponin with similar apparent affinities of 20 + − 7 nM and 25 + − 8 nM towards G1-G3 and G4-G6 respectively. A stoichiometry of one is also observed for the two domains ( Figure 5, inset) . These results were confirmed by an experiment using acrylodan-labelled calponin as a fluorescent reagent (results not shown). Secondly, the interaction of both gelsolin and calponin with F-actin was tested. The experiments were conducted in EGTA Table 2 Interaction of Oregon-Green-labelled gelsolin and gelsolin domains with calponin h1 was monitored by Oregon Green fluorescence Changes in the intensity of the fluorescence emission spectra were recorded at various calponin concentrations in 0.1 M Tris/HCl buffer, pH 7.5, supplemented with 1 mM EGTA. Percentage fluorescence decreases were extrapolated to infinite calponin concentration. to avoid actin severing by gelsolin that would interfere with the binding process. F-actin was used at a saturating concentration [six times the apparent K d (1.4 µM) reported for the interaction of calponin with F-actin] [41] . Binding was observed by cosedimentation experiments. As shown in Figure 6 , a large amount of calponin is found in the pellets. When the three proteins were mixed together, we observed that calponin is essentially present in the pellet and gelsolin in the supernatant. We conclude from this that gelsolin does not interact with the F-actin-calponin complex. Thirdly, since the above results suggest the possible participation of an actin-binding site in calponin, corresponding synthetic peptides were then tested for their interaction with gelsolin. It has been reported that calponin interaction with filaments is mediated by at least two identified sequences, one adjacent to the CH domain, i.e. sequence 145-163 [33] , and the other located in the first repeat region containing the sequence 172-187 [42] . We synthesized these peptides to determine whether either induce conformational changes in gelsolin. Figure 7(A) shows that the 172-187 peptide induces a quenching of the tryptophan residue of gelsolin, whereas the 145-163 peptide did not. However, when tested for gelsolin binding by ELISA ( Figure 7B ), we found that both peptides (145-163 and 172-187) bound gelsolin. We conclude that gelsolin binds calponin through regions that have been identified previously as being actin-binding regions.
Effect of calponin on gelsolin activity
Calponin has little effect on gelsolin's severing activity, but it can reduce its nucleating activity by up to half. Two sets of experiments were performed to test the effect of calponin on the activity of gelsolin. Gelsolin greatly enhanced the initial rate of actin polymerization (results not shown), which is in agreement with the established literature, but no significant effect of calponin on the time course of actin polymerization was seen under the conditions used (2 mM MgCl 2 and 0.1 M KCl) (results not shown). More interestingly, the presence of GCCs decreases the initial rate of polymerization induced by gelsolin alone in a concentration-dependent manner ( Figure 8A ). The maximum inhibition is obtained for ratios of up to two calponins for one gelsolin used at 0.23 µM, a high protein concentration in com- (Table 1) . Therefore further experiments were performed using a calponin/gelsolin ratio of 2:1 ( Figure 8B ). The means for these experiments correspond to an inhibition of approx. 50 + − 10 % (mean for ten experiments). Under the experimental conditions, actin alone was found to have a low initial polymerization rate which was only slightly inhibited by calponin at the concentration found to inhibit gelsolin (results not shown).
Next, the effect of calponin on the severing activity of gelsolin was examined. In the severing assay, the rate of fluorescence decrease was measured after dilution of gelsolin-capped pyrenelabelled filaments in F-buffer in the presence of gelsolin or GCCs. In these experiments, gelsolin activity was only affected slightly by the presence of calponin. Less than 15 % inhibition was determined in several experiments ( Figure 9 ). In addition, calponin alone partially decreases the actin-depolymerization rate induced by dilution (results not shown).
DISCUSSION
The present study shows, for the first time, a direct interaction between gelsolin and calponin. The interaction is a relatively high affinity one, with K d values between 16 and 160 nM, depending on the presence of Ca 2+ and on the pH. However, since the effects of Ca 2+ and pH are relatively minor, these parameters are unlikely to be important regulators for the formation of the complex in cells. We have found throughout that a simple 1:1 complex is formed and that calponin binds gelsolin at sites within both the N-terminal and the C-terminal halves. Each of these sites binds with approximately the same affinity (K d = 20 nM), whereas the whole molecule binds with a similar K d (16 nM). It is possible that the two sites on gelsolin partially inhibit each other under the conditions reported in the present paper and so the affinity for calponin is less than that expected to result from two separate interactions at 20 nM. A conformational change may also take place within gelsolin, induced by binding to either of the calponin sites that lowers the affinity for the other. It is not certain whether the binding of calponin functions to regulate gelsolin's actinbinding activity in cells. The main effect of calponin binding is the inhibition of nucleation, whereas the severing action of gelsolin is relatively uninhibited. Although calponin inhibits gelsolin's nucleating activity in vitro, it is not certain how important this activity is for the function of cells. Relatively little is known about how the various actin-binding properties (severing, capping and nucleating) of gelsolin function in cells [13] , and further work will demonstrate whether the GCC has other protein partners that might regulate gelsolin's actin-binding activity. Calponin's actinbinding activity was found to be inhibited by gelsolin binding, as gelsolin cannot bind calponin when calponin binds F-actin, and vice versa.
Both calponin and gelsolin have been primarily characterized as being cytoskeletal proteins, and their known properties are very different in this regard. For example, calponin binds and stabilizes actin filaments [18, 28, 29] , whereas gelsolin severs them [2] . Despite this, the effects of deleting calponin and gelsolin expression in mice are remarkably similar. Deletion of calponin h1 [43] and of gelsolin [44] increases the fragility of blood vessels, possibly by weakening endothelial cell adhesions [45] or through disruption of the vascular smooth muscle. Another striking similarity is that deletion of calponin increases bone density [46] , as does the deletion of gelsolin [16] . The similarity of all of these effects may be partially explained by our discovery of the GCC that may take part in signalling, so that the complex would be disrupted by the loss of either partner. This interpretation posits, then, that the observed phenotypes arise from the loss of the GCC.
Calponin is a substrate for many kinases and forms direct interactions with others [20, 22, 23, 34] , and a more restricted set of kinases are associated with gelsolin [5, 6] . Gelsolin [13] and especially calponin [18, 26] are known to bind proteins other than kinases, so the GCC may serve as a scaffold or adaptor complex to bring together relevant kinases and substrates. Gelsolin is implicated in the processes of apoptosis and tumorigenesis [13] , and an understanding of the possible regulation of gelsolin's actions, including those mediated through calponin complex formation, is an important research goal.
